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Abstract
An introduction and summary is given of the main results achieved by working group 1:
Structure Functions in Deep Inelastic Scattering at HERA. The prospects were discussed of












The results represent a long term programme of experimentation with high luminosity,
dierent lepton beam charges, proton and deuteron beams, allowing for precision mea-
surements. The theoretical investigations focussed on QED corrections, higher order QCD
corrections for dierent observables, resummation of small x contributions, and the de-
tailed understanding of NLO QCD evolution codes, to allow for a high precision analysis
of the forthcoming deep inelastic data.
1 Introduction
The discussion of prospects of structure function physics has taken place for the third time in a
HERA physics workshop. In 1987, the emphasis was put mainly on high Q
2
structure function
simulations, and the determination of parton distributions [1]. In 1991, the experimental part
concentrated on the reconstruction of the deeply inelastic event kinematics and Monte Carlo
simulations, while the theoretical investigations began to focus on the physics of the parton
densities at very low x [2].
This workshop was based on the experience gained in the rst four years of running at
HERA, and on recent important theoretical developments, in particular the extension of next-
to-leading order (NLO) calculations to more observables, and on small x resummations. One of
the major goals on the theoretical side was to summarize the progress towards high{precision
calculations, and to point out which further theoretical investigations are most important in
order to match the accuracy expected in future high{statistics structure function data from
HERA.
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Summary report of Working Group 1 of the 1996 HERA Physics Workshop
On the experimental side, the scope of the studies has been extended to the charm con-
tribution to the proton structure functions at low x, and to the pion structure function. The
knowledge of existing HERA data allowed for much more reliable simulations than in previous
workshops. Demands on the future HERA running were derived, which are contained in the
experimental section of this paper. A challenging scenario of running HERA for many years has
been developed. It requires the accumulation of high luminosity for both lepton beam charges
and also to accelerate deuterons. This will permit to reach very high precision, i.e. an error
level of only a few % for the proton stucture function F
2







. On the basis of this data high precision studies of QCD in the regions of very small
x and of very large Q
2
can be carried out. In the following, we summarize the main results
obtained in the theoretical and experimental investigations of the working group.
2 Theoretical Studies
Since the 1991 HERA Physics Workshop, various theoretical developments have taken place
in the eld of deep{inelastic scattering (DIS). These include the extension of QED radiative
corrections to more observables, the calculation of various QCD coecient functions and scat-
tering cross sections to O(
2
s
), determinations of the 3{loop corrections of a series of moments
of coecient functions and anomalous dimensions for non{singlet as well as singlet structure
functions, and the resummation of certain classes of logarithmic corrections at small x. Dur-
ing the present workshop, applications of these results have been considered to future HERA
data. Comparisons have been performed of the experimental requirements and the theoretical
accuracy achieved at present.
2.1 QED Radiative Corrections
The understanding of the O() QED corrections for a few choices of kinematical variables was
already obtained at the time of the 1991 HERA workshop [3]. In a contribution to the present
workshop [4], recent developments in the semianalytical approach by the HECTOR collabora-
tion [5] have been summarized. These include the O() corrections for a wide variety of kine-
matical variables as well as leading{log O(
2
) results. Recently also the QED corrections due









]) terms were calculated [6]. For leptonic








and diminishes the eect of these terms. A rst complete O() calculation was reported also for
neutral current polarized{lepton polarized{hadron scattering [7] accounting for photon and Z-
boson exchange. This calculation covers the cases of both longitudinal and transverse nucleon
polarization for the twist{2 contributions to the Born term [8].







A major eort within the working group concerned a detailed comparison of next-to-leading
order (NLO) QCD evolution codes. The aim of this comparison was to understand the ac-
curacy of the dierent numerical solutions of the evolution equations and their conceptual
2
dierences. A numerical agreement of better than 0.05% of the parton densities has been
achieved between ve of the evolution programs. For these codes, previous deviations due to
dierent theoretical assumptions on the truncation of the perturbative series at NLO are now
completely understood. The results of this study are summarized in ref. [9].
Precision measurements of F
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). The theoretical uncertainties of the 
s
measurement from scaling violations have been
investigated for NLO analyses in the HERA range [10, 11]. The dierent representations of





) = 0:003. The largest theoretical



























) was conservatively estimated to 0.002 in ref. [12].
Due to the large statistics at low Q
2
it appears to be desirable to include also the range down
to a few GeV
2
in the QCD analyses. To exploit this region fully, however, requires to carry out









Since the 1991 HERA Physics workshop, various two{loop calculations have been performed
for quantities related to structure functions. A survey on the status of these calculations, and
recent three{loop results, was presented to this working group [13]. The NLO corrections turn
out to be essential for the quantitative understanding of most of the observables.








[15, 16]. An update of the parametrization of the NLO heavy avour coecient functions
is also given in [15]. Moreover, a calculation of the heavy avour structure functions in charged
current interactions has been presented [17]. Besides of the twist-2 contributions to the structure
function F
L
, also higher{twist terms for its non{singlet part have been investigated, accounting
for renormalon contributions [18]. Also the NLO corrections to the scattering cross section
( + g ! J= +X) are available now [19].
First results on the behaviour of structure functions in NNLO were reported by the NIKHEF
group [20, 21]. The rst moments for both the non{singlet and singlet combinations of unpo-
larized DIS structure functions have been calculated. By the same group also a phenomeno-
logical analysis was presented [22], estimating the x-dependence of the corresponding splitting
functions by a t allowing for a set of functions which are known to contribute. Also a phe-
nomenological application of the non{singlet results to xF
3
was reported [23].
2.4 Resummations for Small x
The measurement of DIS structure functions remains one of the major methods to investigate
the small-x physics at HERA. Various aspects have been considered in the working group.
A possible approach has been discussed which relies on the k
?
-factorization method [24]. It
consists of combining systematically the resummation of the small-x logarithmic corrections,
as given by the BFKL formalism [25] and the QCD corrections to it, with the QCD mass
factorization theorem, dictated by the renormalization group. This approach enables one to
3
study the small-x eects by solving improved evolution equations which include resummed
kernels. A rst numerical analysis along these lines was carried out in ref. [26]. A review of
these equations and the current status of resummed calculations, covering also the non{singlet
cases, can be found in ref. [27].
During the workshop numerical studies of structure functions at small x have been performed
by two groups [28, 29]. One contribution to the workshop [30] dealt with the resummation of
the small-x contributions on the level of a double{log approximation. In the avour non{singlet
sector resummation eects are small, less than 1% [31]. In the singlet sector, however, they may
give rise to large contributions [28, 29]. The question of assessing the importance of unknown
sub{leading terms has also been addressed in ref. [28], comparing several dierent models. The
outcome is that these terms seem to be able to aect the result sizeably. This indicates that
at present the uncertainties on the theoretical predictions at small-x are fairly large, and more
accurate calculations (next-to-leading small-x logarithms as well as exact 3-loop contributions)





to pin down the behaviour of the QCD perturbative series at small x. The eects
of small-x resummations on the photon structure functions were also discussed [28].
On the leading{order level, predictions for the structure functions, covering the BFKL eects
at small x, can also be obtained starting from a dierent equation, which was introduced a few
years ago [32] to describe the detailed structure of the gluon radiation associated to small-x




In the working group also the properties of the BFKL resummation equation itself were dis-
cussed with emphasis on the transverse momentum cut{o [34]. Recent progress in calculating
NLO corrections to the BFKL kernel was reported in ref. [35], see also [27] for other ongoing
investigations.
An alternative formulation of QCD at small x has been proposed in a series of papers, based
on a colour dipole concept [36]. The theory has been worked out for the case of scattering
of two quarkonia, in which non-perturbative eects are suppressed by the smallness of the
quarkonium radius. First attempts to apply the colour dipole formulation to deep{inelastic
scattering have been reported at this workshop [37, 38]. The suitability of this approach to
investigate unitarity corrections and parton saturation has been emphasized, and an explicit
parametrization of multi-pomeron exchange contributions has been presented [38].
3 Experimental Studies
The future HERA measurements of structure functions using electron and positron, proton and
deuteron beams promise to be of great interest, since the envisaged increase of luminosity will
allow for reducing the statistical and the systematic errors, especially for the proton case, to the
level of a few per cent in almost the full accessible kinematic range. Within this working group,
detailed simulation studies have been performed of various structure function measurements,
in order to estimate their expected accuracy and to analyze their physics impact.
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3.1 The Proton Structure Function F
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. The following assumptions were made on the future measurement
accuracies: 0.5-1% for the scattered electron energy E
0
e
, 0.5-1 mrad for the polar angle 
e
, 2% on
the hadronic energy E
h
, 1-2% for the photoproduction background uncertainty at high y, and
2% due to trigger and detector eciencies. The luminosity was assumed to be known within
1%. Moreover, control of the radiative corrections at the level of 1% has been assumed. These
conditions lead to an estimated systematic error of F
2
of about 3% in almost the full kinematic
range of 2  10
 5
 x  0:7 and 0:5  Q
2




. The anticipated accuracy represents
an improvement by about a factor of two compared to the present results but extended to a
much wider region. The current H1 and ZEUS structure function analyses served as a basis for
the simulations and were summarized in various talks presented to this working group [40].
In a detailed NLO QCD analysis [39], possible determinations of the strong coupling con-
stant 
s
and of the gluon distribution have been considered using the H1 and the ZEUS QCD
analysis programs and tting techniques. The error of 
s
strongly depends on the minimum
Q
2
which can be included into such analysis. While perturbative QCD seems to work down
to 1 GeV
2
at low x, the theoretical scale uncertainties in NLO become very large, see above.
With only HERA proton data an 
s





As described in [39] the measurement of 
s
requires very accurate control of the dependence
of the systematic errors on the kinematic variables. This will permit to largely reduce their
eect in the t procedure like it has been practiced in the BCDMS/SLAC data analysis [41]
which lead to an experimental 
s
error of 0.003. Combination of the high x xed target F
2
data with the low x HERA data promises to yield a precision measurement of 
s
with an esti-





). Simultaneously the gluon distribution can be






[39] using HERA data only. This potential measurement can only be reliably interpreted if the










and with both electron and positrons beams employed, there are two
neutral current and two charged current reactions, i.e. four cross sections to be measured.
This permits to extract various structure functions and combinations of parton densities, as
was already thoroughly studied in the previous HERA workshops [42, 43] and summarized in
the discussion [44]. The main conclusions remain valid: i) the charge asymmetry in neutral
current e










(q   q) for large y; ii) the charged current cross sections directly determine the valence quark
distributions for x  0:3; iii) with a high precision measurement of the four cross sections,
various combinations of parton distributions can be unfolded, e.g. the singlet distribution or
the strange quark density. All these measurements require highest luminosities, L  500 pb
 1
,
about equally shared between electron and positron runs.
5
3.3 Deuteron Structure Functions
Interest has been expressed in the structure function working group [39, 45] in measuring the
electron{deuteron DIS cross section at HERA. At low x, despite a few % structure function
extraction uncertainty due to shadowing eects [46], the proton{deuteron F
2
dierence will
permit to constrain the up-down quark dierence. This is expected to vanish towards low x
but has not been measured yet in the domain of x < 10
 3
. Deuteron structure function data
are important for a self consistent QCD analysis of HERA data as they constrain the non{
singlet distributions in the 
s
and gluon determination. Even with a luminosity of L = 50pb
 1






3.4 Changing the Beam Energies
With the maximum possible energies of E
p
' 1000 GeV and E
e
' 35 GeV, the cms. energy
squared can be increased by about a factor of 1.5 as compared to the nominal energy runs.
Hence x values lower by this factor can be accessed at a given Q
2
. It should be stressed that this
high-energy option is the only way to explore this extended kinematical range in the foreseeable
future. It requires only modest luminosity L ' 5 pb
 1
for the exploration of the low x region.








, the decrease of the electron beam energy can




. Using a small luminosity, L ' 1 pb
 1
,
only this will allow for a high precision measurement of the transition region to photoproduction
even after the foreseen luminosity upgrade which may limit the detector acceptance close to
the beam pipe.
A run at lowest possible proton beam energy with L ' 10 pb
 1
is required in order to ensure
maximum overlap of the HERA F
2
data with the xed{target results. This is important for the








3.5 The Longitudinal Structure Function F
L
Various, partially complementary studies were presented to the workshop on the estimated
measurement accuracy of the longitudinal structure function F
L
[47, 48]. The joint conclusion
of these studies is that an F
L
precision measurement requires a set of about four dierent
proton beam energies, E
p
= 250; 350; 450 and 820 GeV, for instance, with luminosities around
5{10 pb
 1
per energy setting. In a wide range of Q
2




should be measurable with an absolute error of typically 0.08 [48]. That accuracy largely
depends on the maximum y, i.e. the minimum electron energy which can be controled in view
of background and trigger requirements. The availability of various proton energies and the





) which is important to distinguish between dierent predictions for F
L
. A run at
highest proton energy, E
p





data would provide useful systematics cross checks.
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3.6 The Charm Contribution to F
2
At low x, the charm contribution to the inclusive DIS cross section has been measured to be
about one quarter [50]. Its understanding is crucial for the interpretation of F
2
and interest-
ing for an independent measurement of the gluon distribution. With a luminosity of several
100 pb
 1
, the charm structure function will be measurable with an estimated accuracy of 10%,
the error being mainly due to the limited knowledge of the charm fragmentation probability
P (c! D) into D mesons, and the detector and analyses uncertainties [51, 15]. This will permit
a detailed investigation of the charm production mechanism as a function of Q
2
and x and a
complementary determination of the gluon distribution. The measurement relies on the obser-
vation of open charm production at HERA which should prot from Silicon detectors installed
near the interaction vertex in order to enhance the charm tagging eciency.
3.7 Structure of the Pion
HERA provides an interesting opportunity to study the structure of the pion [52, 53] as was
presented to this working group [54]. Finite values of momentum transfer squared from the
incoming proton beam to the outgoing neutron can be measured in the H1 and ZEUS neutron
calorimeters with mean values of the order of 0.1 GeV
2
. Studies were performed prior to the
workshop [53], and a complete Monte Carlo simulation of the performance of the H1 forward
neutron calorimeter is described in [55]. A modest luminosity of 10 pb
 1
would yield about




. This would enable the structure of the virtual





. Higher luminosities may allow the separation of the longitudinal structure of
the pion and the determination of the structure of higher mass resonances.
References
[1] Proceedings of the 1987 HERA Physics Workshop, ed. R. Peccei, (DESY, Hamburg,
1988), Vol. 1, pp. 1{181.
[2] Proceedings of the 1991 HERA Physics Workshop, eds. W. Buchmuller and G. Ingelman,
(DESY, Hamburg, 1992), Vol. 1, pp. 17{127.
[3] Proceedings of the Workshop Physics at HERA (DESY, Hamburg, 1992) Vol. 2, p. 798.
[4] D. Bardin, J. Blumlein, P. Christova, and L. Kalinovskaya, these Proceedings;
hep-ph/9609399, DESY 96{198.
[5] A. Arbuzov, D. Bardin, J. Blumlein, L. Kalinovskaya, and T. Riemann, Comp. Phys.
Commun. 94 (1996) 128.
[6] J. Blumlein, S. Riemersma, and A. Vogt, DESY 96{120 (1996).
[7] D. Bardin, J. Blumlein, P. Christova, and L. Kalinovskaya, DESY 96{189.
[8] J. Blumlein and N. Kochelev, Phys. Lett. B381 (1996) 296; DESY 96{175.
7
[9] J. Blumlein, M. Botje, C. Pascaud, S. Riemersma, W.L. van Neerven, A. Vogt, and
F. Zomer, these Proceedings; hep-ph/9609400, DESY 96{199, INLO-PUB-20/96, WUE-
ITP-96-018.
[10] J. Blumlein, S. Riemersma, W.L. van Neerven, and A. Vogt, DESY 96{172,
hep-ph/9609217, Proceedings of the Workshop on QCD and QED in Higher Orders,
Rheinsberg, Germany, April 1996, eds. J. Blumlein, F. Jegerlehner, and T. Riemann,
Nucl. Phys. B (Proc. Suppl.) 51C (1996) 96.
[11] J. Blumlein, S. Riemersma, W.L. van Neerven, and A. Vogt, these Proceedings.
[12] J. Chyla, talk presented at the workshop; Phys. Lett. B351 (1995) 325.
[13] W.L. van Neerven, these Proceedings, hep-ph/9609243.
[14] J. Blumlein and S. Riemersma, these Proceedings, hep-ph/9609394.
[15] K. Daum, S. Riemersma, B.W. Harris, E. Laenen, and J. Smith, these Proceedings.
[16] A. Vogt, talk presented at the workshop; DESY 96-012, hep-ph/9601352, May 1996,
Proceedings of the International Workshop on Deep Inelastic Scattering and Related
Phenomena (DIS 96), Rome, April 1996, to appear.
[17] V. Barone, U. D'Alesio, and M. Genovese, these Proceedings.
[18] M. Meyer{Hermann, A. Schafer, and E. Stein, these Proceedings;
E. Stein, M. Meyer{Hermann, L. Mankiewicz, and A. Schafer, Phys. Lett. B376 (1996)
177.
[19] M. Kramer, talk presented at the workshop;
M. Kramer, J. Zunft, J. Stegborn, and P. Zerwas, Phys. Lett. B348 (1995) 657;
M. Kamer, Nucl. Phys. B459 (1996) 3.
[20] S.A. Larin, T. van Ritbergen, and J.A.M. Vermaseren, Nucl. Phys. B427 (1994) 41.
[21] S.A. Larin, P. Nogueira, T. van Ritbergen, and J.A.M. Vermaseren, NIKHEF 96{010,
hep-ph/9605317.
[22] S.A. Larin, P. Nogueira, T. van Ritbergen, and J.A.M. Vermaseren, these Proceedings.
[23] A. Kataev, talk presented at the workshop.
[24] S. Catani, M. Ciafaloni and F. Hautmann, Phys. Lett. B242 (1990) 97, Nucl. Phys. B366
(1991) 135;
J.C. Collins and R.K. Ellis, Nucl. Phys. B360 (1991) 3;
E.M. Levin, M.G. Ryskin, Yu.M. Shabel'skii and A.G. Shuvaev, Sov. J. Nucl. Phys. 53
(1991) 657;
S. Catani and F. Hautmann, Nucl. Phys. B427 (1994) 475.
[25] L.N. Lipatov, Sov. J. Nucl. Phys. 23 (1976) 338; E.A. Kuraev, L.N. Lipatov and V.S.
Fadin, Sov. Phys. JETP 45 (1977) 199; Ya. Balitskii and L.N. Lipatov, Sov. J. Nucl.
Phys. 28 (1978) 822.
8
[26] R.K. Ellis, F. Hautmann and B.R. Webber, Phys. Lett. B348 (1995) 582.
[27] J. Blumlein, S. Riemersma and A. Vogt, DESY 96{131, hep-ph/9608470, Proceedings
of the Workshop on QCD and QED in Higher Orders, Rheinsberg, Germany, April 1996,
eds. J. Blumlein, F. Jegerlehner, and T. Riemann, Nucl. Phys. B (Proc. Suppl.) 51C
(1996) 30.
[28] J. Blumlein, talk presented at the Workshop;
J. Blumlein, S. Riemersma and A. Vogt, hep-ph/9607329, Proceedings of the Interna-
tional Workshop on Deep Inelastic Scattering and Related Phenomena (DIS 96), Rome,
April 1996, to appear;
J. Blumlein and A. Vogt, DESY 96{096.
[29] R.S. Thorne, these Proceedings.
[30] J.R. Forshaw, talk at the workshop;
J.R. Forshaw, R.G. Roberts and R.S. Thorne, Phys. Lett. B356 (1995) 79.
[31] J. Blumlein and A. Vogt, Phys. Lett. B370 (1996) 149; Acta Phys. Pol. B27 (1996) 1309.
[32] M. Ciafaloni, Nucl. Phys.B296 (1988) 49; S. Catani, F. Fiorani and G. Marchesini, Nucl.
Phys. B336 (1990) 18;
G. Marchesini, Proceedings of the Workshop QCD at 200 TeV Erice, Italy, 1990, eds. L.
Cifarelli and Y. Dokshitser, (Plenum Press, New York, 1992), p. 183.
[33] P.J. Sutton, these Proceedings.
[34] M. Mc Dermott, talk presented at the workshop; J.R. Forshaw and M. Mc Dermott,
DESY 96{103, hep-ph/9606293.
[35] L.N. Lipatov, talk presented at the workshop;
L.N. Lipatov, Proceedings of the Workshop on QCD and QED in Higher Orders, Rheins-
berg, Germany, April 1996, eds. J. Blumlein, F. Jegerlehner, and T. Riemann, Nucl. Phys.
B (Proc. Suppl.) 51C (1996) 110;
DESY 96{132.
[36] A.H. Mueller, Nucl. Phys. B415 (1994) 373;
A.H. Mueller and B. Patel, Nucl. Phys. B425 (1994) 471, and references therein.
[37] G. Gustafsson, talk presented at the workshop.
[38] R. Peschanski and G. Salam, these Proceedings; SPhT-96/087; Cavendish-HEP-96-010;
hep-ph/9607474.
[39] M. Botje, M. Klein and C. Pascaud, these Proceedings.
[40] G. Bernardi, A. Glazov, H1 Results on F
2
, talks presented at the workshop.
R. Yoshida, ZEUS Results on F
2
, talk presented at the workshop.
[41] A. Milstaijn and M. Virchaux, Phys.Lett. B274 (1992) 221.
[42] M. Klein and T. Riemann, Z. Phys. C24 (1984) 151;
G. Ingelman and R. Ruckl, Z. Phys. C44 (1989) 291;
9
[43] J. Blumlein, M. Klein, Th.Naumann and T.Riemann, Proceedings of the Workshop
Physics at HERA (DESY, Hamburg, 1987) Vol. 1, p. 67.
[44] Th. Naumann, talk presented at this workshop.
[45] V. Sidorov and M. Tokarev, these proceedings;
[46] M. Strikhman, contribution to this workshop.
[47] H. Blaikley, A. Cooper-Sarkar and S. Dasu, contributions to this workshop.
[48] L. Bauerdick, A. Glazov and M. Klein, these Proceedings.
[49] H1 Collaboration, Determination of the Longitudinal Structure Function F
L
at Low x at
HERA, Contributions to the Rome and Warsaw Conferences, 1996, to be published.
[50] C. Adlo et al., H1 Collaboration, DESY 96-138, Z. Phys. C, to appear.
[51] K. Daum, H1 collaboration, talk at the workshop;
A. Prinias, ZEUS collaboration, talk at the workshop.
[52] B. Kopelevich, B. Povh and I. Potashnikova, DESY 96-011 (1996).
[53] G. Levman and K. Furutani, ZEUS Note 92-107, unpublished and DESY 95-142 (1995).
[54] B. Povh, F

with H1, talk presented at this workshop.
W.N. Murray, F

with ZEUS, talk presented at this workshop.
[55] M. Beck et al., H1{collaboration, Proposal for a forward neutron calorimeter for the H1
experiment at DESY.
10
